Originally classified as a variant of silent corticotroph adenoma, silent subtype 3 adenomas are a distinct histologic variant of pituitary adenoma of unknown cytogenesis. We reviewed the clinical, biochemical, radiological, immunohistochemical and ultrastructural features of 31 silent subtype 3 adenomas to clarify their cellular origin. Among 25 with clinical and/or radiological data, all were macroadenomas; there was cavernous sinus invasion in 30% of cases and involvement of the clivus in 17% of cases. Almost 90% of patients were symptomatic; 67% had mass effect symptoms, 37% were hypogonadal and 8% had secondary adrenal insufficiency. Significant hormonal excess in 29% of cases included hyperthyroidism in 17%, acromegaly in 8% and hyperprolactinemia above 150 μg/l in 4%. Two individuals with hyperprolactinemia who were younger than 30 years had multiple endocrine neoplasia type 1. Immunohistochemically, all 31 tumors were diffusely positive for the pituitary lineage-specific transcription factor Pit-1. Although three only expressed Pit-1, others revealed variable positivity for one or more hormones of Pit-1 cell lineage (growth hormone, prolactin, thyroid-stimulating hormone), as well as alpha-subunit and estrogen receptor. Most tumors exhibited perinuclear reactivity for keratins with the CAM5.2 antibody; scattered fibrous bodies were noted in five (16%) tumors. The mean MIB-1 labeling index was 4% (range, 1-9%). Fourteen cases examined by electron microscopy were composed of a monomorphous population of large polygonal or elongated cells with nuclear spheridia. Sixty-five percent of patients had residual disease after surgery; after a mean follow-up of 48.4 months (median 41.5; range = 2-171) disease progression was documented in 53% of those cases. These data identify silent subtype 3 adenomas as aggressive monomorphous plurihormonal adenomas of Pit-1 lineage that may be associated with hyperthyroidism, acromegaly or galactorrhea and amenorrhea. Our findings argue against the use of the nomenclature 'silent' for these tumors. To better reflect the characteristics of these tumors, we propose that they be classified as 'poorly differentiated Pit-1 lineage adenomas'.
clinically relevant histologic subtypes with differing biologic aggressiveness. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The application of pituitary cell lineage-specific transcription factors and other biomarkers has shown that most of these neoplasms are of gonadotroph origin. [3] [4] [5] 8, 19 In addition, a distinct subset of aggressive nonfunctioning pituitary adenomas includes silent corticotroph adenomas (Type 1 silent corticotroph adenoma: nonfunctioning densely granulated corticotroph adenoma; Type 2 silent corticotroph adenoma: nonfunctioning sparsely granulated corticotroph adenomas), which are characterized by a propensity to develop apoplexy, have a higher recurrence rate, and exhibit greater invasion. 8, 10, [14] [15] [16] [17] Originally classified as the third variant of silent corticotroph adenoma, silent subtype 3 adenomas are considered to be a distinct and aggressive histologic variant of pituitary adenoma. [11] [12] [13] Although these tumors have been traditionally termed 'silent', the initial retrospective review of 20 silent subtype 3 adenomas by Horvath et al, followed by 29 cases from St Michael's Hospital and 27 from the Mayo Clinic clearly showed that these tumors may be associated with clinical and biochemical evidence of hormonal excess. [11] [12] [13] None of these studies investigated the role of pituitary cell lineage transcription factors, and they concluded that the cytogenesis of silent subtype 3 adenomas remained unsettled. [11] [12] [13] We therefore undertook a systemic review of the clinical, biochemical, radiological, immunohistochemical and ultrastructural features of 31 silent subtype 3 adenomas in order to refine their classification by clarifying the cellular origin of these tumors.
Materials and methods
A retrospective review of institutional pathology records at the University Health Network from July 2001 to August 2015 revealed 31 silent subtype 3 adenomas from a total of 954 pituitary adenomas (3.2%). These tumors were diagnosed based on the following features: spindle cell morphology with or without associated epithelioid morphology; lack of development of features of other known pituitary adenoma subtypes; an unusual pattern of plurihormonality; and the presence of spheridia either seen by electron microscopy or on H&E-stained sections. The available medical records were reviewed to obtain relevant clinical information following institutional ethics review. Patient age and gender, clinical, biochemical, and radiological features, as well as immunohistochemical and ultrastructural characteristics of these tumors were recorded. In cases in which primary treatment or follow-up was not provided by physicians within the University Health Network, clinical information was incomplete or unavailable.
One neuroradiology expert retrospectively reviewed the available magnetic resonance imaging studies of all patients treated or followed at the University Health Network. Radiologic cavernous sinus invasion was defined as tumor extension lateral to the lateral tangent of the intra-and supracavernous internal carotid artery or total encasement of the intracavernous carotid artery (Knosp Grades 3 and 4). 20 Tumors that measured 41 cm in their greatest dimension were classified as macroadenomas, whereas those that measured 44 cm were classified as giant macroadenomas. Follow-up time was defined as the number of months between the histologic diagnosis and the last postoperative magnetic resonance imaging. In cases in which a postoperative magnetic resonance imaging was not performed or not available, the follow-up time was defined as the number of months between histologic diagnosis and last clinical assessment. The age at diagnosis was that in which the histologic diagnosis was made.
All surgical pathology specimens were reviewed by two endocrine pathologists. All tumors were subjected to a consistent panel of histochemical and immunohistochemical stains including the periodic acid-Schiff and Gordon-Sweet reticulin stains, and immunolocalization of pituitary cell lineage transcription factors (pituitary-specific transcription factor-1 (Pit-1), steroidogenic factor-1 (SF-1) and estrogen receptor (ER) for all tumors, and T-box transcription factor (Tpit) for hormone-negative tumors that also are negative for SF-1, ER and Pit-1), adenohypophysial hormones (adrenocorticotrophic hormone (ACTH), growth hormone (GH), prolactin (PRL), beta-thyroid-stimulating hormone (beta-TSH), beta-luteinizing hormone (beta-LH), beta-follicle-stimulating hormone (beta-FSH) and alpha-subunit), low molecular weight keratin (CAM5.2) and MIB-1. The MIB-1 labeling index was reported by counting 1000 tumor cells in hot spots of nuclear labeling. Fourteen specimens had tissue submitted for ultrastructural examination at the time of diagnostic assessment.
Results
The cohort comprises 16 female patients (52%) and 15 male patients (48%) with a mean age of 44.3 years (s.d. = 16.8) at the time of surgical pathology diagnosis. Relevant complete or partial clinical and radiological information was available for 25 patients (Table 1) of which information regarding the clinical presentation was unknown in one (case 10), baseline pituitary function tests were missing in one (case 16), magnetic resonance imaging at the time of initial presentation was not available in two (cases 2 and 16) and a magnetic resonance imaging after surgery was not available in two (cases 2 and 12). For the six cases that are not included in Table 1  only a complete pathology examination was  available (Table 2 cases 26 to 31). 
Clinical and Biochemical Findings
Twenty-one of 24 patients with complete history (88%) were symptomatic at the time of initial presentation. Manifestations of mass effect were present in 16 cases (67%). Headache and visual field deficits were the most frequent mass effect symptoms (11 patients; 46%), followed by cranial nerve palsy with or without pituitary apoplexy (2 patients; 8%).
Of the 24 patients with complete or partial basal pituitary function tests, 9 (37%) had central hypogonadism and 2 (8%) had central adrenal insufficiency. Significant hormonal excess occurred in 7 (29%) patients. Four individuals presented with central hyperthyroidism (17%) and two patients with acromegaly (8%). Hyperprolactinemia (mean = 89.7 μg/l; s.d. = 101.3) occurred in eight individuals (33%); only one of them (4%) had a prolactin level above 150 μg/l.
Two patients who presented before the age of 30 years were diagnosed with multiple endocrine neoplasia type 1 syndrome. In one case (case 21), the patient had presented in her early twenties with visual field deficits, amenorrhea and galactorrhea and was treated with dopamine agonists for most of the 9-year interval before the histologic diagnosis of silent subtype 3 adenoma. Her prolactin was elevated at 332 μg/l. Screening for multiple endocrine neoplasia type 1 was carried when she was referred to our institution and she was found to have primary hyperparathyroidism, as well as multiple pancreatic lesions with imaging features suggestive of neuroendocrine tumors along with significantly elevated fasting pancreatic polypeptide levels. The other patient (case 9) also had hyperprolactinemia that was mild but symptomatic. She was found to have primary hyperparathyroidism at the time of hemorrhagic necrosis. The reticulin network was disrupted in all specimens. All tumors were negative with the periodic acid-Schiff stain. One tumor was associated with an adjacent gonadotroph adenoma, indicating the presence of a double adenoma.
Immunohistochemical Findings
Immunohistochemically, all tumors were diffusely positive for Pit-1 (Table 2 and Figure 3 ). Although three cases were only positive for Pit-1, others revealed focal or scattered positivity for one or more of the adenohypophysial hormones of Pit-1 cell lineage, GH, PRL, beta-TSH, as well as alpha-subunit and ER (Table 2 and Figure 3 ). All tumors were negative for SF-1, beta-FSH, beta-LH and ACTH. Twenty-eight (90%) tumors were positive for low molecular weight keratins using the CAM5.2 antibody, with predominant perinuclear or diffuse cytoplasmic staining patterns. Five tumors (16%) displayed scattered fibrous bodies in the background of diffuse or perinuclear cytoplasmic CAM5.2 reactivity (Figure 3 ). Two tumors displayed membranous CAM5.2 staining. The mean MIB-1 labeling index was 4% (range, 1-9%).
Ultrastructural Findings
Ultrastructural examination of 14 silent subtype 3 adenomas ( (Figure 4 ). The cells contained abundant rough endoplasmic reticulum, a well-developed Golgi apparatus, and unevenly distributed clustered mitochondria. Two cases were rich in mitochondria, but they lacked abnormal mitochondrial dilatation or giant mitochondria. One case had focal mitochondrial calcification. Secretory granules were sparse and small with some heterogeneity in size and electron density; they tended to accumulate at the peripheral cell borders, as well as in cell processes. Cell membranes displayed plexiform interdigitations. In addition to a large prominent nucleolus, all tumors showed nuclear inclusions known as 'spheridia' (Figure 4) . Three of the five tumors with scattered fibrous bodies identified on CAM5.2 immunohistochemistry were also subjected to ultrastructural examination; two of these tumors also had ultrastructural evidence of a few scattered juxtanuclear keratin aggresomes, diagnostic of fibrous bodies.
Treatment and Outcomes
The mean follow-up time was 48.8 months (median 41.5; range = 2-171) for the 25 patients included in Table 1 . Two of 24 patients (8%) had initial pituitary tumor resection via a transcranial approach, whereas 22 of 24 patients (92%) had transsphenoidal surgery. In three (14%) of the patients who had transsphenoidal surgery, a second operation was performed, whereas one patient in whom surgery was initially performed via a transcranial approach subsequently required a second surgery. Postoperative magnetic resonance imaging studies were available for 23 patients. Fifteen (65%) had residual tumor and in 8 (53%) progression was observed. Complete gross tumor resection was achieved in seven patients (30%) after one surgery. None of these patients had any radiological evidence of disease recurrence after a mean follow-up of 31.7 months (median = 39; range = 7-73). In one additional patient, complete gross resection was achieved after a second surgical intervention and she remained free of disease after 139 months of surveillance. None of the tumors that were grossly completely resected showed radiological evidence of invasion into bony structures or the cavernous sinuses.
Of the patients who presented with hyperprolactinemia, only one received dopamine agonist therapy for several years as she was initially thought to have a giant prolactinoma in spite of disproportion between prolactin levels and tumor size (case 21). Although medical therapy resulted in normalization of the prolactin, the tumor did not significantly change in size after years of treatment and for this reason she was referred for surgical management. One of the two patients with acromegaly was in remission 15 months after complete resection of his tumor, whereas the other continued to have elevated insulin-like growth factor-1 levels and an abnormal growth hormone response to a 75 g oral glucose tolerance test 7 months after surgery. All of four patients with central hyperthyroidism had resolution of their hormonal excess after surgery, although one required two operations.
Discussion
To our knowledge, the current series represent the largest institutional experience with a systematic review of clinical, biochemical, radiological, immunohistochemical and ultrastructural characteristics of silent subtype 3 adenomas. These tumors have been reported to occur in individuals who are younger than those with gonadotroph adenomas. 8 Furthermore, Yamaguchi-Okada et al 18 reported silent subtype 3 adenomas as the most frequent pituitary adenoma subtype among nonfunctioning adenomas occurring in patients younger than 25 years of age. In our cohort, the mean age was 44.3 years, ranging from 13 to 75 years.
Silent subtype 3 adenomas are well recognized for their aggressive behavior characterized by a propensity to invade and recur. 8, [11] [12] [13] 18 Although the frequency was approximately 1% of pituitary adenomas in the series of the Mayo Clinic; 13 our series reports a higher frequency of 3%. The explanation for this finding may be selection bias because of referrals of aggressive pituitary adenomas to our multidisciplinary endocrine oncology team.
Similar to other clinical series, most patients presented with macroadenomas with various degrees of parasellar extension. This series did not report magnetic resonance imaging evidence of sphenoid sinus invasion, as in some circumstances, it is difficult to make that radiological diagnosis with certainty. However, it is worth emphasizing that 13 of the 23 (56%) macroadenomas had both suprasellar and downward growth. Predominant suprasellar growth was observed in 12 of 23 cases (52%), whereas predominant downward growth, was present in 4 of 23 cases (17%). Cavernous sinus invasion was noted in 30% of the cases, which is similar to what was reported by Erickson et al 13 invasive behavior of a proportion of the tumors observed in the cohort partly explains the high percentage of individuals who were left with residual disease. However, the selected surgical approach and surgical expertise are also relevant and in this series when complete gross resection of the tumor was achieved (35%), long-term remission was also achieved (median 40 months; range 7-139).
Based on our review, patients with silent subtype 3 adenomas were almost invariably symptomatic (88%) primarily due to headaches, and visual field deficits. The relatively low prevalence of hypopituitarism that we observed may be partly due to lack of complete baseline pituitary function testing in some cases. Certainly, given the size of most silent subtype 3 adenomas (mean: 2.8 cm), one would expect a higher degree of loss of pituitary function.
Although these tumors have been traditionally classified as 'silent', the initial series of 20 silent subtype 3 adenomas by Horvath et al, 11 followed by 29 cases from St Michael's Hospital 12 and 27 cases from the Mayo Clinic 13 showed that silent subtype 3 adenomas may be associated with clinical and biochemical evidence of hormonal excess leading to acromegaly, [11] [12] [13] amenorrhea and galactorrhea, [11] [12] [13] and even hyperthyroidism. 12, 13 Consistent with findings of previous series, 11-13 the current cohort also shows that silent subtype 3 adenomas have the capacity to produce enough GH, PRL and TSH to cause clinical symptoms of hormone excess in approximately 30% of cases. In our series, hyperthyroidism was the most frequent (17%), followed by acromegaly (8%) and hyperprolactinemia above 150 μg/l (4%). It is important to emphasize that mild hyperprolactinemia ( o 150 μg/l) identified in previous reports, [11] [12] [13] as well as in seven cases in this study is likely due to 'stalk effect'; however, it is plausible that some of these tumors produce small amounts of prolactin (as reflected by focal PRL expression in these tumors) as a few patients have hyperprolactinemia that is higher than expected to result from stalk interruption. More strikingly, however, is the clinical presentation of hyperthyroidism. TSH-producing pituitary adenomas have traditionally been associated with clinically aggressive disease. [3] [4] [5] Based on our current findings, we propose that detailed histopathological examination of samples from patients with hyperthyroidism should allow prospective elucidation of the clinical, biochemical and radiological features that distinguish thyrotroph adenomas from silent subtype 3 adenomas and further clarification of whether they have differing outcomes and prognosis.
Interestingly and consistent with the studies by Horvath et al 11 and Erickson et al, 13 we also found a relatively high proportion of silent subtype 3 adenomas patients with multiple endocrine neoplasia type 1 syndrome. In this cohort, the two patients with multiple endocrine neoplasia type 1 syndrome had hyperprolactinemia, one exceeding 150 μg/l. These findings underscore the need to consider multiple endocrine neoplasia type 1 screening in patients younger than 30 years of age presenting with pituitary macroadenomas, particularly if hyperprolactinemia is present. 21 The distinction of silent subtype 3 adenomas from other pituitary adenomas is of clinical significance given their well-known aggressive behavior. Although ultrastructural examination still has an important role in the workup of unusual pituitary adenomas, ultrastructural examination was the only reliable way to subtype and determine the cellular origin of pituitary adenomas in the past. Currently, the accurate classification of pituitary adenomas relies on the identification of many of the characteristic features of specific tumor types by immunohistochemistry. Since earlier cohorts [11] [12] [13] did not use antibodies against the pituitary transcription factors that can define cell lineages, they could not identify the cytogenesis of these neoplasms. In this cohort, diffuse nuclear positivity for Pit-1 in all silent subtype 3 adenomas is an important finding that indicates a cellular origin in the Pit-1 lineage. In addition to diffuse nuclear Pit-1 positivity, ER and alpha-subunit were also expressed variably in our cohort of silent subtype 3 adenomas. Although the combined expression of ER and Pit-1 are features of lactotrophs, alpha-subunit and Pit-1 expression are found in somatotrophs and thyrotrophs. Moreover, the ultrastructural features of silent subtype 3 adenomas resemble those of thyrotroph adenomas, whereas the identification of plurihormonality, and ER expression as well as the distinctive spheridia distinguish SS3As from thyrotroph adenomas. In animal studies, it has been suggested that there is a subgroup of Pit-1-independent thyrotrophs and previous investigators have questioned whether silent subtype 3 adenomas may be derived from these cells. 13 In humans, normal thyrotrophs and thyrotroph adenomas are well known to express Pit-1, and it follows that silent subtype 3 adenomas, which have some features of thyrotrophs, should express Pit-1.
Most Pit-1 lineage pituitary adenomas differentiate into somatotrophs, lactotrophs, mammosomatotrophs or thyrothyrophs. [3] [4] As a consequence, differentiated adenomas usually exhibit diffuse adenohypophysial hormone positivity, with the exception of sparsely granulated somatotroph adenomas where positivity for GH can be focal and weak, however, the presence of fibrous bodies in 475% of tumor cells is identified. [3] [4] [5] 22 In contrast to differentiated Pit-1 cell lineage adenomas, silent subtype 3 adenomas show variable, focal or scattered positivity for one or more adenohypophysial hormones including GH, PRL and beta-TSH. These features are consistent with a monomorphous plurihormonal adenoma of Pit-1 lineage in the vast majority of our cases. However, as seen in three cases (10%) in this cohort, there were some silent subtype 3 adenomas lacking hormone expression and presenting with only Pit-1 expression. The ultrastructural examination available from two of these lesions identified spheridia and other ultrastructural features confirming the diagnosis of silent subtype 3 adenoma. However, such cases would have been mistaken for null cell adenomas without either electron microscopy or immunohistochemical staining for pituitary transcription factors.
Similar to a recent case that we reported but did not include in this cohort, 23 our results also highlight that silent subtype 3 adenomas should be added to the list of Pit-1 lineage adenomas that can present with scattered fibrous bodies, similar to acidophil stem cell adenomas, [3] [4] [5] which also express Pit-1. However, acidophil stem cell adenomas are distinguished from silent subtype 3 adenomas by their oncocytic nature and predominant diffuse cytoplasmic staining pattern for PRL with only focal GH expression to indicate plurihormonality in some cases. [3] [4] [5] 
Conclusion
This study defines the Pit-1 cell lineage origin of silent subtype 3 adenomas. Our retrospective review identified these tumors as aggressive Pit-1 lineage adenomas, which may be associated with hyperthyroidism, acromegaly or clinical hyperprolactinemia. Although the distinction of silent subtype 3 adenomas from other pituitary adenomas is of clinical significance, our findings along with previously published series argue against the use of the nomenclature 'silent' for these neoplasms. Moreover, the identification of focal or scattered expression for Pit-1 lineage hormones in most cases and the absence of hormone expression in some cases suggest that silent subtype 3 adenomas are not differentiated Pit-1 lineage adenomas ( Figure 5 ). In order to better reflect their clinical, biochemical and immunohistochemical characteristics, we propose the term 'poorly differentiated Pit-1 lineage adenoma' for these rare but aggressive pituitary neoplasms'. Cartoon illustrating silent subtype 3 adenomas in the molecular cytodifferentiation pathways of the adenohypophysis. Silent subtype 3 adenomas are true monomorphous plurihormonal poorly differentiated Pit-1 lineage adenomas, which can be associated with hyperprolactinemia, acromegaly or even hyperthyroidism. GH, growth hormone; Pit-1, pituitary-specific transcription factor-1; PRL, prolactin; SF-1, steroidogenic factor-1; Tpit, T-box transcription factor; TSH, thyroidstimulating hormone.
